Optimisation of effective design parameters to reduce tooth bending stress for an automotive transmission gearbox is presented. A systematic investigation of effective design parameters for optimum design of a five-speed gearbox is studied. For this aim contact ratio effect on tooth bending stress by the changing of contact ratio with respect to pressure angle is analysed. Additionally, profile modification effects on tooth bending stress are presented. During the optimisation, the tooth bending stress is considered as the objective function, and all the geometric design parameters such as module, teeth number etc. are optimised under two different constraints, including tooth contact stress and constant gear centre distance. It can be concluded that higher the contact ratio results in a reduced tooth bending stress, while higher the pressure angle caused an increase in tooth bending stress and contact stress, since decreases in the contact ratio. In addition, application of positive profile modification on tooth reduces tooth bending stress. All of the obtained optimum solutions satisfy all constraints.
gearbox structures can be possible.
All constraints are also satisfied by the optimised geometric design parameters, based on pressure angle.
By optimising the effective geometric design parameters of the five-speed gearbox, such as the module, number of teeth, etc., reducing the tooth bending stress is possible.
Increasing the contact ratio results in reduced tooth bending stress and tooth contact stress. However, increased the pressure angle causes increasing of the tooth bending stress and tooth contact stress, since the contact ratio reduces depending on increasing of the pressure angle. Furthermore, higher contact ratio has a positive effect on reducing tooth bending stress. In contrast, higher pressure angle has a negative effect on reducing tooth bending stress. Application of tooth profile modification has a positive effectiveness on reducing the tooth bending stress.
The following discussion summarises findings from the literature:
Literature Review
The following results on tooth bending strength are presented in the literature:
An asymmetric gear pair improves the tooth-root bending load carrying capacity of the pinion and wheel gear at higher pressure angles on the coast side compared to a conventional symmetric gear. The optimum profile shift values increases with an increase in the speed ratio and number of teeth in the pinion, and increasing the asymmetric factor and pressure angles on the drive side improves the tooth-root bending capacity. When the speed ratio increases, the optimum maximum fillet stress increases very slightly compared to that of optimum profile shift factor for pinion [1] .
Asymmetric involute-type teeth were studied, since the non-involute teeth application has a number of disadvantages. The concept of one-sided involute asymmetric spur gear teeth is to increase the load carrying capacity of the driving involute. The literature concludes that the load carrying capacity can increase to 28% higher than that of standard 20˚ involute teeth [2] .
The advantage of using proposed asymmetric design in gearboxes is increased bending strength, pitting resistance, without changing the dimension or number of teeth in the gearbox [2] .
An alternative method to increase the tooth bending strength of involute gear teeth is positive modification of addendum (positive shifting) the pinion and, in some cases, mating wheel. This method produces well-running teeth, but both the pitting resistance and scoring resistance are reduced due to the positive shifting [2] .
A smaller pressure angle causes to produce undercut for a given number of teeth. However, the contact ratio increases, and load carrying capacity may be improved [3] .
Tooth profile modification is an effective parameter for optimising the geometric design parameters of gears. A numerical study found that the application of positive profile modification results in reduced tooth bending stress and increased safety factor for tooth bending stress [4] .
Gearbox Mechanism
The gearbox mechanism is shown in Figure 1 
Effective Geometric Design Parameters
General definitions and specification factors for gears are given in DIN 868 as follows.
The module, m is the basic parameter for the linear dimensions of gear tooth systems. It is the result of dividing the pitch, p by the number π. The pitch is determined by the dimensions of the datum surface and the number of teeth; see The face width, b, is the distance between the two end surfaces of the gear tooth system; see Figure 2 (c).
The helix angle, β, is the angle between the helix line and horizontal axis; see 
Contact Ratio
The dimensions of helical gear are shown in Figure 3 and the contact line is shown Figure 4 . Obviously, tooth profiles must be proportioned such that a second pair of mating teeth comes into contact before the first pair is out of contact [5] .
If the gear contact ratio equal to 1, then one tooth is leaving contact just as the next is beginning contact. A unity contact angle is undesirable, because slight errors in tooth spacing will cause oscillations in velocity, and, subsequently, vibration, and noise. In addition, the load will be applied on the tip of the tooth, creating the largest possible bending moment [6] . In general, the higher the contact ratio, the smoother the running of the gears. When a contact ratio is equal to 2 or more means that at least two pairs of teeth are theoretically in contact currently [5] .
If a profile contact ratio is lower than 2.0, is called as Low Contact Ratio (LCR), while gearing with this parameter equal to 2.0 or greater than 2.0 is called as High Contact Ratio (HCR) [5] .
The contact ratio consists of two parts, such as the transverse contact ratio, ε α , and the overlap (face contact) ratio, ε β .
Transverse Contact Ratio, εα
The contact ratio (CR) is defined as the average number of teeth in contact during the gear rotation. The transverse contact ratio, ε α is calculated as follows [8] .
( ) 
where m n is the normal module [mm], z is the number teeth [-] , and β is the he-
The base circle diameter of the pinion gear, d b1 , is calculated as follows [8] . 
The addendum circle diameter of the wheel gear, d a2 , is calculated as follows [8] .
The base circle diameter of the wheel gear, d b2 , is calculated as follows [9] . 
The centre distance, a d , is calculated as follows [8] .
Overlap Ratio, εβ
The overlap ratio, ε β is calculated as follows [8] .
tan sin 
Total Contact Ratio, εγ
The total contact ratio, ε γ is calculated as follows.
where ε α is the transverse contact ratio and ε β is the overlap ratio. Helical gears have higher contact ratio than spur gears thus, they have also higher load carrying capacities than spur gears.
Strength of Helical Gears
The gear strength is defined by two criteria such as the tooth bending strength and tooth contact strengths according to the ISO 6336.
Tooth Bending Stress
The bending stress in distribution are shown in Figure 5 . The real tooth-root stress, F σ is calculated as follows [7] [8]
The permissible bending stress, Fp σ , is calculated as follows [7] [8].
where all the responsible parameters for the tooth bending stress are given in Table 1 . The safety factor for bending stress F S is calculated as follows [7] [8] Figure 5 . Bending stress at the tooth root.
Tooth Contact Stress
The contact stress, distribution is shown in Figure 6 . The real contact stress, H σ is calculated as follows [7] [8]
The permissible contact stress, Hp σ is calculated as follows [7] [8]:
where all the responsible parameters for the tooth contact stress are given in Table 2. Figure 6 . Contact stress at the tooth flank.
The safety factor for contact stress, H S , is calculated as follows [7] [8]:
Optimisation of Effective Design Parameters of Gearbox
Constrained optimisation method is helpful for designing light-weight gearbox structures. Constraints, including tooth contact stress and constant distance between gear centres can be used for this optimisation.
During optimisation, the aim is typically to minimise the cost of a structure while satisfying all the design requirements. By optimising the effective design parameters, a light-weight gearbox structure design is also possible [9] [10].
Objectives Function
Tooth bending stresses are considered as objective functions, during the optimisation study. The flowchart of the optimisation procedure of geometric design parameters is shown in Figure 7 . The following objective function was used:
Following minimum tooth bending stress is defined as objective function:
Thus, the module m, the number of teeth z, and the helix angle β, are the design parameters to be determined. During the constrained optimisation, the following optimisation problem is solved:
where LB is lower bound and UB is upper bounds on the design parameter vec- 
Constraint Functions

Numerical Example
Constrained optimisation method is applied to the five-speed gearbox mechanism to reduce tooth bending stress. All optimisation programs are developed using MATLAB. The sequential quadratic programming (SQP) method is used. Twenty-four design parameters are optimised simultaneously using the developed programs. All the parameters for the tooth strength calculation are shown in Table 1 and Table 2 , respectively.
Results
It is observed in solution 1 ( (Table 3) indicate that the obtained optimum effective parameters satisfy all requirements. The safety factor for bending stress, S F , ranges between 1.0357 and 2.8229, and the safety factor for contact stress, S H , varies between 1.1175 and 2.3448.
The results from solution 5 (Table 3) show that the obtained optimum solutions result in desired values. However, by considering safety factors, this solution is more acceptable for constant pinion. The safety factor for bending stress, S F , ranges between 0.9993 and 2.7314, and the safety factor for contact stress, S H , varies between 1.0901 and 2.2926. The results from solution 6 ( 
Contact Ratio and Tooth Bending Stress Relation
The contact ratio and bending stress relation for the 1 st speed is shown in Figure   8 . . Thus, increasing the contact ratio 28.66% results in a 20.07% reduction in tooth bending stress.
The contact ratio and bending stress relation for the 2 nd speed is shown in . Thus, increasing the contact ratio 29.59% reduces the tooth bending stress 20.42%.
The contact ratio and bending stress relation for the 3 rd speed is shown in The contact ratio and bending stress relation for the 4 th speed is shown in The contact ratio and bending stress relation for the rear speed is shown in 
Contact Ratio and Pressure Angle Relation
The contact ratio and pressure angle relation for the 1 st speed is shown in Figure   14 . As the pressure angle for the 1 st speed reduces from 22 [˚] to 12 [˚], the contact ratio increases from 1.3862 to 1.7836. Thus, decreasing the pressure angle 83%, results in a 28.66% increase in the contact ratio.
The contact ratio and pressure angle relation for the 2 nd speed is shown in The contact ratio and pressure angle relation for the rear speed is shown in 
Tooth Profile Modification Factor and Bending Stress Relation
The tooth profile modification and bending stress relation for the 1 st speed is 
Optimum Design of Effective Parameters
A flowchart of the optimum design of effective parameters based on pressure angle is shown in Figure 26 .
The safety factor for bending stress, S F , and safety factor for contact stress S H , are the basic selection criteria used by the Optimum Design. The Selective Optimum Design is shown in Table 4 .
Although, obtained optimised geometric design parameters are significant for all constraints, the best solutions, based on pressure angle are determined from the obtained optimum solutions for each speed.
The geometric design parameters are optimised simultaneously for each given gearbox speed. However, it is not necessary to choose a single solution that changes with respect to the pressure angle. Therefore, all effective geometric design parameters can be determined independently for each speed from obtained optimum solutions. 
Conclusions
Optimisation of effective design parameters to reduce tooth bending stress for an automotive transmission gearbox is presented. The tooth bending stress is considered as the objective function, and the geometric design parameters are optimized under two different constraints. Tooth contact stress and constant distance between gear centres are considered as the constraints function. During optimization study, pressure angles were varied, thus contact ratios were also changed with respect to the pressure angle. The effect of the contact ratio on the tooth bending stress is analysed, and the following conclusions are drawn:
Increasing the contact ratio 28.58% -32.30%, results in a 19.82% -21.87% reduction in tooth bending stress. In contrast, decreasing the pressure angle 83%, increases the contact ratio 28.58% -32.30%. Gears with having higher contact ratio, have higher load carrying capacities.
Although, all the determined optimised geometric design parameters satisfy all constraints, it is not necessary to choose a single solution that changes with respect to the pressure angle.
All effective geometric design parameters can be determined independently for each speed inside the obtained optimum solutions. Based on pressure angle, the best optimised solutions are determined from the obtained optimum solutions for each speed in five-speed gearbox.
